Renal podocyte damage plays a crucial role in the development of diabetic nephropathy. Genistein is derived from a leguminous plant, and MyD88 and TRIF are adaptor molecules in the Toll-like receptor (TLR) signaling pathway, which may play a role in autophagy. In this study, we utilized an in vitro high glucose (HG)-treated podocyte model to investigate the effects and underlying mechanisms of Genistein and MyD88 or TRIF siRNA induced autophagy and renal protection.
Background
Diabetes mellitus is a significant health problem worldwide, and the incidence rate of diabetes has reached alarming levels [1, 2] . Diabetic nephropathy is the most common microvascular complication in both type 1 and type 2 diabetes, and it is a major cause of chronic renal failure and end-stage renal disease. The rising prevalence of diabetic nephropathy has increased diabetes-related mortality and morbidity. Thus, prevention and management of diabetes-induced complications are critical for prolonging lifespan in diabetes patients.
Podocytes wrap around capillaries of the glomerulus to form the Bowman's capsule in the kidney, which filters blood to produce urine [3, 4] . Altered morphology and reduced podocytes are the earliest pathological manifestations of diabetic nephropathy [5] . Cell autophagy is the orderly degradation and recycling of cellular components, which utilizes a lysosomal protein degradation pathway [6] . This catabolic process is a normal cell function that plays a crucial role in maintenance of cell homeostasis and integrity by removing unnecessary or dysfunctional components or organelles [7] . In this regard, autophagy primarily exerts a protective effect under physiological conditions and ensures cell survival under stress conditions. This "waste management" mechanism is especially important in terminally differentiated podocytes that have a very limited capacity for cell division and renewal [4] ; thus, podocytes exhibit a high basal level of autophagic activity [8, 9] .
Molecularly, amino acids, growth factors, and reactive oxygen species (ROS) can activate protein kinases such as mTOR to downregulate autophagy [10] [11] [12] . In autophagy, a cytosolic truncated protein (LC3-I) is converted to its autophagosomal membrane-associated, phosphatidylethanolamine-conjugated form (LC3-II) to form an autophagosome. Since the autophagy substrates LC3B-II and p62 are both degraded with the autophagic cargo in the autolysosome, accumulation of LC3B-II and p62 aggregates is regarded as a robust marker of impaired autophagic flux. Furthermore, Toll-like receptor (TLR) signaling was recently implicated in autophagy [13] . Knockdown of TLR4 expression can inhibit cell proliferation, but the autophagy-induced survival mechanism is an evolutionarily conserved catabolic pathway that is involved in several physiological processes, such as cell metabolism, survival, and host defense [14, 15] . TLR4 is expressed in podocytes and upregulated in inflammatory glomerular diseases. Mechanistically, activation of TLR4 through an adaptor molecule, myeloid differentiation primary response 88 (MyD88) or TIR-domain-containing adapter-inducing interferon-b (TRIF), leads to nuclear factor kappa B (NF-kB) translocation into the nuclei and subsequent upregulation of pro-inflammatory cytokines and chemokines. Despite increasing knowledge regarding the role of autophagy in inflammation, little is known about the mechanism underlying MyD88/TRIF-induced autophagy and inflammation.
Genistein is an isoflavone present in soy and is known to have multiple molecular effects, such as inhibition of inflammation, promotion of apoptosis, and modulation of steroidal hormone receptors and metabolic pathways [16, 17] . Since these molecular effects affect carcinogenesis, cancer propagation, obesity, osteoporosis, and metabolic syndromes, Genistein plays an important role in preventing and treating common disorders. Recently, it was reported that Genistein might prevent or delay diabetic nephropathy progression by inhibiting inflammation via inactivating NF-kB and monocyte chemotactic protein-1 (MCP-1) pathways [18] . However, it is unclear whether the underlying mechanism of Genistein in the treatment of diabetic nephropathy is associated with podocyte autophagy. We utilized the in vitro high glucose-induced cell model to investigate the effects and underlying mechanisms of Genistein on renal protection and autophagy induction. Our findings provide insight into the role of Genistein in modulating autophagic activity and protection of podocytes.
Material and Methods

Cell culture and treatment
A thermosensitive SV-40-immortalized mouse podocyte cell line, H-2K b -tsA58, was obtained from the Chinese National Cell Resource Center (Beijing, China) and cultured in Dulbecco's modified Eagle's medium (DMEM) supplemented with 10% fetal bovine serum (FBS), 100 U/ml penicillin, and 100 μg/ml streptomycin (North China Pharmaceutical Company, Shijiazhuang, China) at 33°C (permissive conditions) in a 5% CO 2 incubator. Cells were treated with mouse recombinant interferon-g (IFN-g) at a dose of 10 U/ml (Sigma, St Louis, MO, USA). After cells reached approximately 80% confluency, podocytes were cultured at 37°C (non-permissive conditions) without IFN-g for 10 to 14 days to induce differentiation and were used for our experiments. 
Small interfering RNA and cell transfection
MyD88 siRNA was purchased from Invitrogen (Carlsbad, CA, USA) and transfected into podocytes according to the manufacturer's instructions. Briefly, podocytes were seeded into 6-well plates at a density of 2×10 5 per well in an antibioticfree DMEM supplemented with 10% FBS and grown for 24 h at 37°C and then serum-starved for 24 h. After siRNA transfection, the cells were washed with DMEM once and cultured with DMEM containing 10% FBS for 24 h and then with DMEM containing high D-glucose or gremlin for an additional 48 h. Thereafter, the cells were harvested for protein extraction and other experimental procedures as described below. All experiments were done in triplicate and repeated at least twice.
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Western blot
Podocytes were treated with Genistein (20 µM) or siRNA for 6 h. The cells were homogenized and lysed in an ice-cold radioimmunoprecipitation assay buffer (RIPA; Solarbio, Beijing, China) and then centrifuged. Protein concentrations were assayed using Coomassie Brilliant Blue (Nanjing Jiancheng Bioengineering Institute, Nanjing, China). Protein samples were then fractionated in 10% or 12% denaturing sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) gels and transferred onto polyvinylidene fluoride membranes (PVDF; Millipore, Billerica, MA, USA). For Western blot analysis, the membranes were blocked in 5% fat-free dry milk in Tris-buffered salineTween 20 (TBST) for 2 h, followed by incubation with a primary antibody at 4°C overnight. Primary antibodies included: anti-LC3 (Abgent, Suzhou, China), anti-p62 (Abgent), anti-pmTOR (Cell Signaling Technology, Danvers, MA, USA), anti-mTOR (Cell Signaling Technology), anti-Myd88 (Novus Biologicals, Littleton, CO, USA), anti-TRIF (Abcam, Cambridge, MA, USA), anti-synaptopodin (Proteintech, Chicago, IL, USA), anti-nephrin (Abcam), and anti-b-actin (Blue Gene, Shanghai, China). On the next day, the membranes were washed with TBST 3 times and then incubated with goat anti-rabbit or mouse IgG conjugated with horseradish peroxidase (Zhongshan Gold-Bridge, Beijing, China). Positive protein bands were detected using an enhanced chemiluminescence (ECL) reagent (Tiangen, Beijing, China) and quantified relative to b-actin using Image J software (National Institutes of Health, Bethesda, MD, USA).
Immunofluorescence
Following Genistein treatment or siRNA transfection, podocytes were seeded onto 6-well chamber slides, grown overnight, and then fixed with frozen acetone at -4°C for 10 min. After washing with tap water, the chamber slides were permeabilized with 0.3% Triton X-100 at room temperature for 10 min and subsequently incubated with a primary antibody against LC3 and p-mTOR at 4°C overnight. On the next day, the slides were washed with TBS and then incubated with a FITC-conjugated secondary antibody at 37°C for 1 h. After washing, the slides were counterstained with 4, 6-diamidino-2-phenylindole (DAPI) to visualize cell nuclei, and images were captured under a fluorescence microscope (Olympus BX63, Olympus Tokyo, Japan).
Transmission electron microscopy
Podocytes were cultured in 6-cm cell culture dishes in DMEM containing HG (30 mmol/l) for 6 h, detached with trypsin, centrifuged, and fixed in 2.5% glutaraldehyde solution (Sigma) at 4°C overnight. Next, the cells were washed with 0.1 M phosphate-buffered saline (PBS) and post-fixed with 1% (w/v) osmium tetroxide (Sigma) at 20°C for 2 h at room temperature. The samples were then dehydrated and solidified for ultrathinsectioning and staining and viewed under a Hitachi transmission electron microscope (Tokyo, Japan).
Statistical analysis
Data were analyzed using SPSS 19.0 software (SPSS Inc., Chicago, IL, USA). Quantitative data are summarized as mean ± standard deviation (SD) from 3 independent experiments and analyzed using one-way analysis of variance (ANOVA) for differences among multiple groups. P<0.05 was considered statistically significant.
Results
High glucose induces transient induction of LC3-II expression in podocytes
To determine the effect of HG on autophagy activation in podocytes, we measured expression of LC3-II, a biomarker for autophagy. We first grew podocytes in either HG or NG containing DMEM (30 mM vs. 5.5 mM glucose, respectively) for various periods of time (0, 2, 6, 12, 24, 48, and 72 h) and then performed Western blot analysis ( Figure 1A, 1B) . LC3-II expression increased in podocytes after 6 h of HG treatment compared to the NG group and then returned to basal levels. To confirm HG-induced autophagy in podocytes, we performed morphological analysis using transmission electron microscopy. We monitored the appearance of autophagosomes and related autophagic vacuoles. As shown in Figure 1C , there was only 1 obvious autophagic vacuole in podocytes exposed to NG, whereas several autophagic vacuoles were visible in podocytes after HG treatment for 6 h.
Genistein induces autophagy in podocytes by inhibiting the mTOR pathway in vitro
To determine the effects of Genistein on LC3-II expression, we first grew podocytes in NG containing DMEM (5.5 mM glucose) with various concentrations of Genistein (0, 5, 10, 20, 40, or 80 µM) and then performed Western blot analysis. Our data showed that 20 µM of Genistein most effectively induced LC3-II expression in podocytes ( Figure 1D, 1E the molecular mechanism underlying Genistein-induced autophagy in podocytes. We first measured LC3 and p-mTOR expression in podocytes using double immunostaining and LC3, p62, p-mTOR, and total mTOR expression using Western blot. Immunostaining data showed that the fluorescence intensity of LC3 was stronger in the Genistein (20 µM)-treated and HG-induced podocytes compared to the non-Genistein-treated podocytes (Figure 2 ), whereas we observed the opposite effects on p-mTOR levels in the Genistein-treated podocytes (Figure 2 ). Western blot data further showed that p-mTOR and total mTOR levels were downregulated in Genistein-treated cells. Moreover, LC3-II and p62, which are mTOR downstream genes, were significantly upregulated by Genistein treatment (P<0.01; Figure 2 ). These data suggest that Genistein-induced autophagy negatively regulates mTOR signaling in podocytes.
Genistein protects podocytes against chloroquine-induced inhibition in high glucose-cultured podocytes
To further investigate if Genistein protects podocytes against chloroquine-induced inhibition of autophagy, we measured autolysosomal degradation to determine the upstream autophagic activation. As shown in Figure 3 , immunostaining and Western blot analysis demonstrated that Genistein treatment reversed the decrease in synaptopodin and nephrin expression (functional protein markers in podocytes) after treatment with chloroquine. Furthermore, the levels of p62 and p-mTOR also decreased in podocytes after treatment with both Genistein and chloroquine. These results suggest that Genistein induces autophagy and protects podocytes. However, an increased LC3 level may not directly correspond to an increase in autophagic flux, but could instead indicate autophagosomal accumulation at the lysosomal level [19, 20] . Thus, we measured p62 expression in podocytes following chloroquine treatment and found an increase in p62 levels, whereas Genistein (in combination with chloroquine) reduced p62 levels. Taken together, these results indicate that Genistein upregulates degradation of autophagic proteins and protects podocytes.
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MyD88 stimulates autophagy in high glucose-induced podocytes in vitro
TLR4 signals through both MyD88 and TRIF, while TLR3 exclusively signals through TRIF, and other TLRs use MyD88 as their major adaptor to transduce signals to their downstream effectors [4] . To investigate if MyD88 or TRIF regulated autophagosome formation in our cell model, we knocked down MyD88 or TRIF using siRNA in podocytes. We then measured LC3, p62, and mTOR protein levels using Western blot analysis. We found that MyD88 or TRIF siRNA effectively reduced expression of both proteins in podocytes in vitro ( Figure 4A, 4B) . Knockdown of MyD88 expression downregulated LC3-II expression, but upregulated p62 and p-mTOR levels ( Figure 4C, 4D) . However, knockdown of TRIF had no obvious effect on these proteins ( Figure 4C, 4D ).
Furthermore, we investigated whether Genistein protects podocytes after knockdown of MyD88 or TRIF. We found that, compared to the TRIF siRNA-transfected group, MyD88 siRNA-transfected podocytes had a significant decrease in the functional 
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podocyte protein markers synaptopodin and nephrin; however, Genistein treatment reversed this trend. Specifically, our Western blot data demonstrated that LC3-II levels were downregulated in the MyD88 siRNA-treated cells compared to the podocytes only cultured in HG for 6 h (P<0.01), whereas p62 and p-mTOR levels were upregulated in these podocytes ( Figure 4C, 4D) . In contrast, TRIF siRNA had no significant effect on these measures (P>0.05; Figure 4C , 4D). Moreover, MyD88 siRNA and TRIF siRNA downregulated expression of synaptopodin and nephrin, whereas Genistein treatment upregulated levels of synaptopodin and nephrin in these podocytes ( Figure 4E , 4F, 4G, 4H). These data suggest that MyD88 upregulates autophagy, whereas Genistein reverses the effect of MyD88 siRNA on podocytes.
Discussion
Autophagy is critical for proper maintenance of intracellular homeostasis in all cell types [21, 22] , including podocytes. Basal autophagy in podocytes was reported to be highest among all renal cells [7, 23] . Diabetic nephropathy is characterized by impaired renal filtration, mainly due to alterations in podocyte morphology and function, and previous studies confirmed the effects of diabetes on altering podocyte physiology [24, 25] . Indeed, levels of autophagy markers, such as LC3-II, and the number of autophagic vacuoles have been shown to be decreased in diabetic animals, models of experimental diabetes, and in patients [26] . Thus, in the present study, we assessed the effects of Genistein and My88 on autophagy and renal protection and then explored the underlying molecular mechanisms using an in vitro HG-treated podocyte model. We found that short-term HG exposure promoted podocyte autophagy, whereas long-term (up to 72 h in our current study) HG exposure suppressed autophagy, which is consistent with previous studies [27] . Genistein treatment induced autophagyrelated protein expression in both NG and HG-treated podocytes through inactivating mTOR signaling. Moreover, Genistein protected podocytes by maintaining autophagy levels following chloroquine inhibition in HG-cultured podocytes in vitro.
In addition, knockdown of MyD88 expression downregulated autophagy, whereas Genistein treatment reversed the effect of My88 siRNA on podocytes. Our study demonstrates that Genistein-induced autophagy protects podocytes against chloroquine-or My88 siRNA-induced damage. Future studies will investigate the effects of Genistein on podocytes in vivo.
Genistein is one of the most active natural flavonoids and exerts antioxidative, antiproliferative, anti-cancer, and other biological effects [28] . Previous studies showed that Genistein inhibited renal inflammation, fibrosis, and early podocyte abnormalities in fructose-fed insulin-resistant rats. Moreover, Genistein combined with resveratrol was beneficial against oxidative stress in HG-treated Madin-Darby canine kidney epithelial cells [29] . Another study reported that Genistein prevented kidney damage in nephrotic syndrome in Sprague-Dawley rats [30] . Furthermore, oral Genistein reduced type 1 diabetes incidence and prolonged the onset time in female NOD mice [31] . Genistein protected against diabetes-induced renal damage by regulating oxidative stress and inflammation, but also possessed a protective effect by reducing renal inflammation, oxidative stress, and apoptosis in diabetic mice [32] .
In the present study, we demonstrated that Genistein induces podocyte autophagy and protects podocytes from chloroquine inhibition in response to HG conditions in vitro. Specifically, chloroquine-mediated inhibition of autophagy decreased synaptopodin and nephrin levels in podocytes, whereas Genistein reversed this effect. The present data further support the protective role of Genistein in the kidney against various insults.
Proper activation of the inflammasome is an important first-line defense of innate immunity, but aberrant inflammasome activation has now been shown to contribute to the pathogenesis of numerous diseases, including diabetic nephropathy [14, 33, 34] . Inflammatory responses have also been shown to affect autophagy, but there is no clear understanding of the complex relationships among the immune system, autophagy, and glomerular diseases. Previous studies showed a possible relationship between autophagy and the inflammasome. For example, autophagy negatively regulated inflammasome activation, whereas induction of autophagy depended on the presence of specific inflammasome sensors [13, 35] . TLRs play an important role in innate and adaptive immunity, and the major TLR signaling pathways in podocytes are initiated via 2 key adaptor proteins: myeloid differentiation factor (MyD88-dependent) and Toll-Interleukin 1 Receptor (TIR) domain-containing adapter-inducing interferon-b (TRIF, MyD88-independent) [36, 37] . Autophagic receptors accumulate signaling proteins, including MyD88 and TRIF, to form cytosolic aggregates, ultimately degrading them through selective autophagy [38, 39] . In the present study, we focused on the downstream signaling of TLRs in the regulation of autophagy and found that in the early stage of HG stimulation, MyD88 induces autophagy in podocytes, which was similar to Genistein treatment. We also showed that TLR signaling via its adaptor proteins increased p-mTOR, leading to autophagy.
Recent studies demonstrated that LC3-II expression and the number of autophagic vesicles were decreased in podocytes of diabetic patients and animal models. Furthermore, longterm exposure of primary rat podocytes to HG promoted podocyte injury, and attenuation of autophagy further deteriorated this process [40] . Taken together, these studies support that maintenance of autophagy in podocytes is essential to conserve podocyte survival. The central importance of autophagy in immunity is further underscored by the multitude of immune-related signaling molecules that regulate autophagy. Genistein has also been shown to modulate humoral and cellular immunity at multiple levels, such as inhibiting inflammatory cell migration through diminishing leukocytes adherence to endothelial cells [41, 42] . The present study not only further verified the protective effect of autophagy on podocytes, but also revealed that Genistein is an immunomodulator and a key factor in TLR signaling (MyD88) during autophagy at the early stage of HG stimulation in podocytes. Our findings could provide a novel therapeutic target for future treatment of incipient diabetic nephropathy.
Conclusions
Genistein-induced autophagy and alleviation of podocyte injury caused by HG were mediated by inactivating mTOR signaling in podocytes. This study is just proof-of-principle and further research will attempt to verify autophagy induction as a novel strategy for treatment of glomerular diseases.
